Strong interplay of spin and charge/orbital degrees of freedom is the fundamental characteristic of the iron-based superconductors (FeSCs), which leads to the emergence of a nematic state as a rule in the vicinity of the antiferromagnetic state. Despite intense debate for many years, however, whether nematicity is driven by spin or orbital fluctuations remains unsettled. Here, by use of transport, magnetization, and 75 As nuclear magnetic resonance (NMR) measurements, we show a striking transformation of the relationship between nematicity and spin fluctuations (SFs) in Na 1−x Li x FeAs; For x ≤ 0.02, the nematic transition promotes SFs. In contrast, for x ≥ 0.03, the system undergoes a non-magnetic phase transition at a temperature T 0 into a distinct nematic state that suppresses SFs. Such a drastic change of the spin fluctuation spectrum associated with nematicity by small doping is highly unusual, and provides insights into the origin and nature of nematicity in FeSCs.
Introduction
Nematicity, i.e., spontaneous breaking of the C 4 symmetry of the crystal, has emerged as a research focus recently in the iron-based superconductors (FeSCs), because the nematic state can provide a clue to the understanding of high temperature superconductivity in these materials [1] [2] [3] [4] [5] [6] [7] [8] . Currently two major scenarios have been proposed for the origin of nematicity: magnetic and charge/orbital 9 . The former assumes that the nematic state are entirely induced by the interband spin fluctuations (SFs). The latter scenario treats its origin as charge density waves or orbital orders.
The magnetic scenario is believed to be realized in the 122-family of FeSCs [10] [11] [12] , particularly because a scaling relation was found between the spin fluctuations in nuclear magnetic resonance (NMR) and the shear modulus in the tetragonal phase of Ba(Fe 1−x Co x ) 2 As 2 (ref. 10 ). On the other hand, the most simple compound FeSe is best described by the orbital scenario since nematic order occurs without any signature of the spin fluctuation enhancement [13] [14] [15] . In FeSCs other than FeSe, however, the SDW transition temperature T SDW is quite close to the nematic one T nem , imposing limitations on investigating the interplay of nematicity and SFs in detail. Thus it is much desirable to find a system in which one can effectively tune SFs and nematicity in wide phase spaces, e.g., temperature and chemical doping.
From this point of view, NaFeAs, which is isostructural and isoelectronic to well investigated LiFeAs, is worth attention. LiFeAs shows only a superconducting (SC) ground state without a signature of nematicity or magnetism [16] [17] [18] . In contrast, NaFeAs is featured by the three successive transitions at low T ; a nematic transition at T nem ∼ 55 K is followed by a SDW at T SDW ∼ 45 K and by a filamentary SC transition at ∼ 8 K. In this respect, the study of (Na,Li)FeAs may allow a full spectrum of emergent orders coming from a delicate balance among competing orders by Li (Na)-substitution into Na (Li) layers in NaFeAs (LiFeAs). However, the study of such isoelectronic doping has been extremely challenging because (Na,Li)FeAs becomes easily phase separated due to distinct chemistry of Na and Li metals.
In this work, we report the successful growth of homogeneous Na 1−x Li x FeAs single crystals and the investigation of their electronic phase diagram up to x = 0.1. We found that with a systematic increase of x, the SDW is suppressed for x ≥ 0.03, giving way to the SC state with the full Meissner shielding. Strikingly, also for x ≥ 0.03, 75 As spin-lattice relaxation measurements show a sharp anomaly at a well defined temperature T 0 , evidencing a non-magnetic phase transition before entering the bulk SC state. Our comprehensive data further show that, above a critical doping x c ∼ 0.03, spin and nematic fluctuations become strongly entangled, resulting in a charge/orbital ordered state below T 0 . This implies that the nature of a nematic state could vary depending on the underlying electronic structure.
Furthermore, our rich phase diagram strongly suggests that the normal state of FeSCs from which superconductivity emerges is far more complex than previously known.
Results and discussion
Crystal structure Figure 1a presents the crystal structure and Transport and magnetization measurements The temperature (T ) dependence of resistivity (ρ) of the selected Na 1−x Li x FeAs single crystals is displayed in the T range from 3 to 300 K, and near the SC transition in Fig. 1d and 1e, respectively. Each resistivity curve was normalized by the value at 300 K (ρ/ρ 300K ) and shifted vertically for clarity (for the original resistivity data, see Supplementary Fig. 2 ). For the undoped crystal, ρ decreases smoothly exhibiting a typical metallic behavior with decreasing T , showing up several anomalous features at low T , an upturn at ∼54 K (magenta arrow), a first drop (black arrow) at ∼41 K, and a second drop to reach finally zero resistivity state (blue arrow) at ∼7.7 K, which are identified as the nematic (T nem ), the SDW (T SDW ), and the SC (T ρ c ) transition temperatures, respectively. T nem and T SDW appear more clearly in the derivative curves of dρ/dT as a deviation point (magenta arrow in Fig. 1f ) and a local maximum or minimum (black arrow in Fig. 1f ). At T ρ c ∼7.7 K, the corresponding magnetic susceptibility (χ) (Fig. 1c) decreases abruptly, allowing us to assign T c from χ, T χ c ∼7.0 K. These transport and magnetization data are overall consistent with those found in previous reports on NaFeAs (refs. 1, 20-24) .
With the same criteria applied on the parent NaFeAs, we could extract the T ρ c (T χ c ), T SDW , T nem , and Meissner shielding fractions for the whole region (0 ≤ x ≤ 0.1). With increasing doping within 0 ≤ x ≤ 0.02, both T nem and T SDW are rapidly suppressed. For x = 0.03, the dρ/dT curve reveals a jump which is assigned to T nem , but does not show an anomaly associated with T SDW . The magnetization data show that the SC volume fraction in the parent compound is very small in agreement with the previous results and increases weakly with doping up to x ∼ 0.03. Upon further doping (x = 0.04, 0.05, and 0.06), the SC shielding fraction at T = 2 K reaches 68, 98, and 90 %, respectively, and the highest T c = 12.3 K is obtained for x = 0.05, constituting an optimal doping. After the optimal doping, inserting more dopants into the system suppress both the SC shielding fraction and T c , and eventually superconductivity disappears above x = 0.12.
75 As nuclear magnetic resonance We now turn to 75 As NMR measurements on Na 1−x Li x FeAs. The 75 As nuclei (nuclear spin I = 3/2) possess a large quadrupole moment.
For axial symmetry, a magnetic field H perpendicular to the principal axis (crystallographic c-axis in our case) yields two satellite lines whose separation is given by the quadrupole frequency ν Q . Figure 2a shows the 75 As NMR full spectrum at H = 9.1 T parallel to the ab plane as a function of Li doping in the tetragonal/paramagnetic (PM) phase (at 60 K).
Clearly, ν Q = 9.93 MHz for undoped crystal does not change notably with doping, indicating that the local symmetry or the average electric field gradient (EFG) at the 75 As is insensitive to Li dopants up to x = 0.06. On the other hand, the linewidth of the spectra progressively increases with increasing doping, which is naturally understood by the increase of chemical disorder due to dopants. It should be noted that the relative linewidth of the satellites with respect to the central one, which could be considered as a measure of chemical homogeneity, remains reasonably small up to ∼ 10 at x = 0.06, in support of the high quality of our samples. Importantly, we do not observe other NMR lines with doping which would have indicated the presence of an impurity phase such as pure LiFeAs. Thus, the evolution of the 75 As spectra with doping provides local evidence for the successful incorporation of Li dopants into the Na layers of NaFeAs.
In the magnetically ordered state of NaFeAs, the stripe-like arrangement of Fe moments in the ab plane, by symmetry, produces hyperfine fields at 75 As pointing along the c axis 25, 26 .
As a direct consequence of two oppositely aligned antiferromagnetic (AFM) sublattices, the 75 As central line splits into two AFM lines for H c. In case of H ab, the total magnetic field that 75 As experiences slightly increases due to the vector sum of the local field along c and the external field along ab, and the magnetic broadening of 75 As line occurs accordingly.
Therefore, long range AFM order in Na 1−x Li x FeAs can be easily confirmed by NMR via a positive shift and a broadening of the 75 As line for H ab, and a large AFM splitting of the line for H c. Indeed, for the parent (x = 0) and underdoped (x = 0.02) samples, the 75 As line for H ab broadens and shifts to higher frequency ( Fig. 2b and c) , and at the same time the 75 As line for H c splits into two well-defined AFM lines (Fig. 3f) , thereby proving locally the SDW order. Note that the splitting of the 75 As line shown in Fig. 2b is due to nemacitiy. Indeed, we determined T nem for x = 0 and 0.02 by measuring the T dependence of 75 As satellite line [see Supplementary Fig. 3 ].
For x ≥ 0.04, on the other hand, the T dependence of the 75 As spectrum is clearly told apart from those for x ≤ 0.02 samples. First of all, there is no signature of a static SDW ordering. The 75 As line preserves its shape without a shift nor a significant broadening down to low temperatures (see also Supplementary Fig. 4 ). Secondly, the T evolution of the 75 As spectrum is very similar for the two field orientations H ab and H c, which contrasts sharply with the strongly anisotropic behavior observed for x ≤ 0.02. These features indicate that the system for x ≥ 0.04 remains paramagnetic. Remarkably, the intermediate doping,
i.e., x = 0.03, yields a very peculiar feature which seemingly separates the two doping regions, x ≤ 0.02 and x ≥ 0.04. That is, the 75 As line is considerably broadened below T 0 ∼ 32 K for both field orientations (see Figs. 2d and 3c.). The nearly isotropic NMR line broadening indicates that an inhomogeneous (short-ranged) magnetism develops. Moreover, we emphasize that T 0 for x = 0.03 is higher than T SDW for x = 0.02 and coincides with T nem (see Fig. 4c ). Therefore, we conclude that the inhomogeneous line broadening observed for x = 0.03 below T 0 is irrelevant to the SDW, but arises from an emerging phase which may involve a short-ranged magnetism. It may be worthwhile to note that below T 0 the 75 As signal amplitude is notably reduced for both H ab and H c, as shown in Figs. 2d-f and 3c-e (see also Supplementary Fig. 4 ).
The suppression of signal intensity indicates that the volume fraction of the sample seen by NMR decreases in the charge/orbital ordered phase. This phenomenon is quite similar to the wipeout effect observed in the charge stripe phase of cuprate superconductors, in which NMR relaxation rates of the nuclei in spin-rich regions become too fast to be detected [35] [36] [37] .
The underlying mechanism of the signal wipeout in Na 1−x Li x FeAs remains unclear and needs further investigation. Interestingly, the similar wipeout of the NMR signal was also observed in the 77 Se NMR study of FeSe in the nematic phase which does not involve any static magnetism 38 .
Phase diagram Figure 5 The most important feature in Fig. 5 is the emergence of a non-magnetic phase below T 0 > T c at optimal doping. Whereas T 0 (x) is reasonably connected to T nem for x ≤ 0.02, we note that the phase below T 0 cannot be a simple nematic because the strong suppression of SFs below T 0 (or spin-gap behavior) is unlikely due to nematicity itself. Although theory predicts that the nematic transition could trigger a pseudogap behavior 43 , such a pseudogap is only viewed as magnetic precursors whose signature is a sharp increase of the magnetic correlation length. Therefore, we conclude that the phase below T 0 should involve a charge/orbital order which could give rise to a featured gap in the spin fluctuation spectrum.
An even more remarkable observation is the critical change of the relationship between SFs and nematicity with doping. For x ≤ 0.02, SFs are enhanced just below the nematic transition at T nem and diverge at T SDW . For x ≥ 0.03, however, a strong enhancement of SFs precedes the phase transition into a charge/orbital nematic state at T 0 , but it is suppressed once the charge/orbital nematic state develops. Theoretically, it has been proposed that the strong interplay of spin and charge/orbital degrees of freedom could result in a charge density wave (CDW) state in proximity to a SDW state 9, [44] [45] [46] . Following the work 9 , the competition of these two orders can be described by the effective Ginzburg-Landau functional: • C, stayed at this temperature for 1 hour, afterward slowly cooled down to 750
• C with a rate of 3 • C/h and then heater was turned off while the ampoule was still kept in the furnace.
2D plate-like-shaped single crystals with shiny ab-plane surfaces were mechanically detached from a flux and typical sizes were around ∼440.3 mm 3 . Since the grown crystals were highly sensitive to air and moisture, each steps of physical measurement preparations were also done in an Ar-filled glovebox. The crystalline phase was determined by the powder x-ray diffraction using Cu K α radiation at room temperature. To avoid oxidation and compensate the preferred orientation of single crystals, a sealed quartz capillary was adopted with It should be noted that SC transitions of all the samples were considerably broad as the estimated transition width ∆T extracted at temperatures of 10 and 90 % of resistivity maximum was 7.5 -15 K. Moreover, all the resistivity curves exhibited a temperature window of showing insulating behavior (dρ/dT < 0) before the onset of SC transition similar to NaFe 1−x Cu x As system 23 . In other doped Na 111 systems like NaFe 1−x Co x As (ref. 22 ) and NaFe 1−x Rh x As (ref. 24) , robust metallic behavior were observed in broad doping ranges.
The former Cu doping was claimed to have isoelectronic doping while the latter two involving large electron doping was inevitably accompanied by large chemical potential shift. As Li does not bring additional charge carriers to the systems, the effect of disorder-induced electron localization on transport is likely pronounced to result in the insulating-like behaviors as in the case of NaFe 1−x Cu x As system.
Nuclear magnetic resonance
75 As (nuclear spin I = 3/2) NMR was carried out in Na 1−x Li x FeAs single crystals at an external field of 9.1 T and in the range of temperature 4.2 -100 K. Due to the extreme sensitivity of the samples to air and moisture, all the samples were carefully sealed into quartz tubes filled with Ar gas. The sealed sample was reoriented using a goniometer for the accurate alignment along the external field. The 75 As NMR spectra were acquired by a standard spin-echo technique with a typical π/2 pulse length 2-3
µs. The nuclear spin-lattice relaxation rate T
−1 1
was obtained by fitting the recovery of the nuclear magnetization M (t) after a saturating pulse to following fitting function,
where A is a fitting parameter. We also measured 23 Na NMR spectra for x = 0.04. As shown in Supplementary Figure 6 , we confirm that the 23 Na is barely influenced by the T 0 phase transition. 23 Na spectra above and below T 0 for x = 0.04. The spectrum does not reveal a notable difference in the ordered phase, unlike the 75 As results, reflecting that the 75 As effectively probes the Fe sites due to the much stronger hyperfine coupling.
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